ABSTRACT: We utilized a long-term data base collected over a broad geographic range to examine predator size -prey size relationships for 18 species of marine fish predators from continental shelf waters off the northeast US coast. Regression analysis was used to illustrate interspecific variation in ontogenetic patterns of prey size use, gape allometries, and ratio-based trophic niche breadths. Sizebased feeding strategies were assessed through comparison of frequency distributions of relative prey sizes eaten and were related to general predator feeding tactics and gape morphology. The results demonstrated that the range of prey sizes eaten expanded with increasing predator body size for each of the marine predators examined, leading to asymmetric predator size -prey size distributions. Absolute maximum prey size and slopes of maximum prey size versus predator size varied widely among predator taxa. Distinct size-based feeding strategies were evident, as diets of some predators were dominated by prey that were 10 to 20% of predator size, whereas other predators frequently consumed prey > 50% of predator size. Gape sizes and allometric relationships with body size were also diverse among predators and often were closely associated with maximum prey sizes. Ratio-based trophic-niche breadths generally did not expand with predator ontogeny and tended to narrow for the largest predators, which may be common for animal taxa. 
INTRODUCTION
A common goal of food habits research is to predict the composition of the diet of an animal given its size, its morphological and behavioral characteristics, and the available food resources. Predators may feed indiscriminately on the most abundant prey in their surroundings or they may feed selectively on specific prey from those available, with the potential for several factors to contribute to the selection patterns observed (Eggers 1977 , Greene 1986 , Sih & Moore 1990 . To this end, the focus of a large body of empirical work has been the development of quantitative relationships between patterns of prey use and attributes of both predator and prey (Folkvord & Hunter 1986 , Hart & Hamrin 1990 , Litvak & Leggett 1992 , Juanes 1994 , Christensen 1996 .
In aquatic communities, body size of both prey and predator is 1 attribute that has been linked directly to foraging success. Predators become more successful with size due to a variety of factors including increased sustained and burst swimming speeds and better visual acuity (Keast & Webb 1966 , Webb 1976 , Beamish 1978 , Blaxter 1986 . The escape response of prey is also strongly related to body size, as reaction distances increase and swimming performance is enhanced with size (Folkvord & Hunter 1986 , Blaxter & Fuiman 1990 . Further, the morphology of predators and prey change with ontogeny as predator gape size increases and morphological defenses of prey (e.g. spines) become more robust. The relation between prey size and predator size has therefore been recognized as being of paramount importance in determining the outcome of interactions among species.
For most fishes, the sizes of prey consumed generally increase with increasing predator size (Keast & Webb 1966 , Popova 1967 , 1978 , Nielsen 1980 , Persson 1990 , Juanes 1994 ). In addition, the range of prey sizes eaten typically increases in larger predators, with maximum prey size increasing while minimum prey size often changes only slightly over a broad range of predator sizes. Such asymmetric patterns in predator size -prey size distributions have generated hypotheses about competitive interactions among predators of different size; in terms of prey size, the diet of smaller predators is a subset of the diet of larger predators (Brooks & Dodson 1965 , Hall et al. 1970 , Wilson 1975 . Thus, larger predators may have a competitive advantage by feeding on small prey sizes while also being able to feed on large prey that are unavailable to smaller predators.
The prevalence of asymmetric predator size -prey size distributions in aquatic ecosystems provokes inquiry as to the nature of their existence. Why should large predators continue to include small prey in their diet? Traditional foraging theory predicts that animals should maximize their net rate of energy return when selecting prey (Schoener 1971 , Charnov 1976 , Stephens & Krebs 1986 , with models for particulate feeders often predicting that the largest prey available should be eaten to maximize feeding efficiency (Ivlev 1961 , Werner & Hall 1974 , Harper & Blake 1988 . However, several examples indicate that smaller prey are selected over larger prey when predators are given a choice (Gillen et al. 1981 , Hoyle & Keast 1987 , Hart & Hamrin 1990 , Juanes 1994 , suggesting that currencies used in foraging models to estimate the relative costs and benefits of different sized prey may be incomplete.
In attempts to characterize the ecological niche of an individual, measures of prey size have been used to represent the trophic niche of animal taxa (Schoener & Gorman 1968 , Roughgarden 1972 . Several recent studies have examined trophic-niche breadth in fishes on a ratio scale by examining changes in the standard deviation of log-transformed prey-size data as predator size increases (Pearre 1986 , Munk 1992 , Pepin & Penney 1997 . In order to identify general ontogenetic trends in patterns of prey size use by fish predators, Pearre (1986) examined several predator taxa and size ranges and concluded that the range of relative prey sizes did not change significantly with predator size for most species. In contrast, Pepin & Penney (1997) found significant increases in ratiobased trophic-niche breadth in 6 larval fish species and positive trends in 3 others. When examined collectively, however, the results of past studies on the ontogeny of trophic-niche breadth in fishes, whether based on ontogenetic changes in relative or absolute prey size, reveal several patterns that may be generalizable across taxa. Thus, a clear need remains for the further study of patterns of prey size use by predators that are comprehensive, employing similar protocols and incorporating several species and ontogenetic stages.
Here, we use an extensive long-term data set to examine size-based feeding habits of a diverse group of marine fish predators in coastal waters off the northeast US continental shelf. For the purposes of examining predators that consume large prey relative to their own size, we focus on predators that demonstrate piscivorous feeding habits during 1 or more stages of their life history. We examine predator size -prey size relationships in order to determine ontogenetic changes in minimum, mean, and maximum prey sizes consumed. Variation in predator size -prey size relationships among different predator species are related to species-specific attributes of predators, including predator gape size, morphology, and feeding behavior. Frequency distributions of relative prey sizes consumed, based on prey/predator size ratios, are compared across taxa to identify general size-based feeding patterns. We also examine ontogenetic changes in trophic-niche breadth of predators based on relative prey size, rather than absolute prey size, and relate interspecific variation in the breadth of relative prey sizes to the rate of increase in maximum absolute prey size and average predator size.
MATERIALS AND METHODS
Data source. The data used for this study were collected as part of fisheries-independent resource monitoring conducted in marine waters over the continental shelf of the northeast US since 1963 by the Northeast Fisheries Science Center (NMFS, NOAA). Survey details can be found in Azarovitz (1981) . Briefly, sampling is conducted for approximately 8 wk during fall (September and October) and spring (March and April) each year. In addition to fall and spring surveys, winter and summer sampling are completed during some years. Fish are captured in trawls (Yankee-type with 10 m approximate wingspread; 12.7 cm mesh wings; 1.27 cm mesh cod-end liner) equipped with rollers to make rough bottom tows possible. Trawls are fished on the bottom in waters between 3 and 200 nautical miles offshore from Cape Lookout, North Carolina northward to waters off Nova Scotia (Fig. 1) .
The sampling design is stratified random, with strata defined by latitude, depth, and historical fishing information. Approximately 350 to 400 stations are completed during each season, with the number of stations allotted to each stratum based on stratum size. Each station within each stratum is randomly selected and consists of a 30 min tow at a speed of 3.5 knots. The catch is sorted by species and either entire samples or representative subsamples of fishes are measured to the nearest centimeter. Subsamples of predatory fishes are randomly sampled for analysis of stomach contents. Criteria for subsampling has changed during the survey period, but effort is made to insure that representative size distributions of predators are sampled at each station or within each stratum. Samples of stomach contents are either processed at sea or preserved in a 10% formalin/seawater solution and processed in the laboratory. Prey items are enumerated, identified to the lowest possible taxon, weighed (or percent stomach volume estimated at sea), and measured to the nearest millimeter total length. This study utilizes data collected during 1973 to 1990 for which both predator size and prey size information was obtained. Although collection of prey size data during this period was aimed at obtaining measurements for fishes and commercially important invertebrates such as squid, shrimp, and crabs, other invertebrate prey were measured periodically throughout the survey period. For this study, prey include all fishes and invertebrate species that were measured.
Predators and prey. A diverse group of 18 marine fish predators that vary in size, morphology, and behavior was selected for this study ( Table 1) . Each of the predators in the group is piscivorous throughout some or most of its life cycle, but each predator also feeds on varying amounts of invertebrate prey in addition to fish prey. The group includes fishes that occupy benthic, pelagic, and demersal habitats, as well as fishes common to both inshore and offshore waters of this region. Represented are 9 families and 14 genera that include several flatfishes, groundfishes, sculpins, anglerfishes, fast-swimming pelagics, and a variety of elasmobranchs. Morphological and behavioral descriptions of individual predator species can be found in Bigelow & Schroeder (1953) . Both juvenile and adult fishes are represented as predator sizes range from 60 to 1500 mm in length, with average lengths between 250 and 930 mm. The prey field encompasses a wide variety of fishes and invertebrate species that is too exhaustive to list and describe here. Some of the most abundant prey by weight and number consumed by the predators listed in Table 1 include herring (family Clupeidae); sand lance (Ammodytes spp.); cod (family Gadidae); mackerel (family Scombridae); flatfish (family Pleuronectidae); pandalid shrimp (family Pandalidae); and cancer crabs (family Cancridae). Complete descriptions of the taxonomic composition of the diets of predators listed in Table 1 are presented for an earlier time period in Edwards & Bowman (1979) , Langton & Bowman (1980 , and Sedberry (1983) .
Data analysis. Interspecific variability and changes in prey size use patterns with ontogeny were examined using regression analysis. Prey size -predator size scatter diagrams were plotted for each predator species and least-squares regressions were generated to estimate the relationship between mean prey size and predator size. To estimate changes in minimum and maximum prey size with increasing predator size, the edges of each scatter diagram were analyzed using quantile regression procedures (Scharf et al. 1998b , Cade et al. 1999 . Regression quantiles between 0 and 100 can be estimated through minimization of the sums of the absolute values of residuals. The estimated quantiles are generally robust to outlying values along the y-axis and the procedure is ideally suited to the examination of data with heteroscedastic error distributions (StataCorp. 1999 , Scharf et al. 1998b . Quantiles ranged between the 90th and 99th for upper bounds and the 1st and 10th for lower bounds, and were based on sample sizes for individual predators (Scharf et al. 1998b , Cade et al. 1999 . Correlation analyses were performed among minimum, mean, and maximum prey size slope estimates to determine whether increases in mean prey size were primarily a result of changes in minimum or maximum prey size. Patterns of relative prey size use among predators were examined by generating relative frequency histograms of prey size/predator size ratios consumed by each predator.
As part of fisheries monitoring surveys conducted in 1995 and 1996, predator species were collected to obtain morphological measurements of gape height and gape width. Sufficient numbers and size ranges were collected for 8 of the predator species listed in Table 1 . Gape height was defined as the maximum linear distance between the upper and lower jaws with the mouth stretched open. Gape width was defined as the linear distance between the left and right corners of the open mouth. Least-squares regressions were performed to determine gape size versus body size relationships for the 8 predators. Lengths of prey eaten by these predators were converted to dorsoventral body depths using depth/length relationships specific to each prey taxon (Scharf et al. 1998c) . For each scatter diagram of prey body depth versus predator length, maximum prey body depths consumed were estimated using regression quantiles. Slopes of prey body depth versus predator size regressions were compared to gape estimates using post-hoc tests (Sokal & Rohlf 1995, p. 500) .
Trophic-niche breadth was examined on a ratio scale by determining changes in the range of relative prey sizes with increasing predator size. Prey size data were converted to a ratio scale by dividing each prey size by its corresponding predator size and then plotting these prey/predator size ratios versus predator size. Regression quantiles (90th and 10th) were generated to estimate the extremes of the ratio scale data for each predator. Using regression quantiles to estimate the rate of change in the extremes of the data eliminated the need to subjectively partition predator size data into separate size classes for the purposes of estimating means and standard deviations within each size class, as has been done in previous ratio-based trophic-niche breadth studies (Pearre 1986 , Munk 1992 , Pepin & Penney 1997 . Slope comparisons were made between upper and lower bounds, with significant differences indicating an increase or decrease in ratio-based trophic-niche breadth with increasing predator size. Convergent slopes indicated a decrease; divergent slopes indicated an increase. The difference between predicted values of upper and lower bound regressions at any given predator size represented the trophic-niche breadth. For each predator species, predicted niche breadths were re- Table 1 . Marine fish predators from US northeast continental shelf waters examined in this study, listed in ascending order of mean size. Mean size and range are total length in mm; n = number of individual prey fishes with length information recovered from the stomachs of each predator species gressed against predator size and the resultant slopes were compared to the slopes for maximum and minimum prey size generated from the original scatter diagrams. This allowed us to determine whether or not predators that increased their maximum or minimum prey size rapidly as they grew experienced an increase or decrease in trophic-niche breadth relative to those predators that increased their maximum or minimum prey size more slowly. Average trophicniche breadth was also compared to average predator size to evaluate whether a general size-based trend was apparent.
RESULTS
The range of absolute prey sizes eaten expanded with increasing body size for all predators examined. As body size increased, all predators showed a significant increase in maximum prey size consumed, while 12 of 18 predators increased minimum prey sizes eaten (Fig. 2, Table 2 ). Upper-bound slopes spanned an order of magnitude, ranging from 0.077 to 0.894 (Fig. 3 , Table 2 ). Although ranging from 0.0 to 0.170, lowerbound slopes were less variable among predators, as all but 4 slopes were < 0.030 (Fig. 3, Table 2 ). The continued inclusion of small prey in the diet across a range of predator body sizes resulted in asymmetric predator size -prey size distributions for each predator. Mean prey size -predator size slopes were positively related to upper bound slopes (r = 0.802; p < 0.001) and were not related to lower bound slopes (r = 0.308; p = 0.213), demonstrating that ontogenetic changes in mean prey sizes eaten were driven primarily by changes in maximum prey sizes consumed. Upper-and lower-bound slope estimates were not correlated (r = -0.026; p = 0.918), indicating that predators with rapid ontogenetic increases in maximum prey size did not necessarily increase minimum prey size rapidly.
A considerable amount of variation was present among predators in the relative frequency distributions of prey size/predator size ratios (Fig. 4) . Several predators consumed mainly prey that were small fractions of their body size. For example, nearly 75% of the diet of the predators illustrated in Fig. 4a consisted of prey < 20% of their own body size. Two of these predators, smooth dogfish and little skate, had diets that were dominated by invertebrates, resulting in 90% of their diets being made up of small prey (< 20% predator size). On the other hand, the predators depicted in Fig. 4b incorporated a considerable number of intermediate-sized prey in their diets while they also continued to feed on several small prey. For this group of predators, 30 to 40% of their diets consisted of prey > 20% of their own body size. The predators illustrated in Fig. 4c consumed an abundance of relatively large prey, as 45 to 75% of the diet was made up of prey > 20% of their own body size, including several prey greater than 50% of their body size. For example, nearly 30% of the diets of silver hake and white hake Table 2 . Regression equations relating maximum, mean, and minimum prey size to predator size for marine fish predators in Table 1 . Estimates for maximum and minimum prey sizes were generated using quantile regression techniques; estimates for mean prey sizes are least-squares estimates. PY = maximum, mean, or minimum prey total length in millimeters; PD = predator total length in mm; quantiles listed are those used to estimate upper and lower bounds of each prey size/predator size scatter plot. NS = regression coefficient not significant; p > 0.05
were made up of prey > 40% of their size, whereas over 30 and 45% of the diets of goosefish and sea raven, respectively, consisted of prey > 50% of predator size. The diets of several members of this group (bluefish, white hake, sea raven, goosefish) were more concentrated on fish, rather than invertebrates, when compared to other predators (Fig. 2) . For the 8 predators with gape size data, ratios of gape size relative to predator size ranged from 0.04 for spiny dogfish to 0.24 for goosefish and were strongly correlated with the proportion of prey in the diet that was > 40% of predator size (r = 0.887; p = 0.003). Gape sizes of predators increased linearly with increasing body size, however, regression slopes were varied (Fig. 5, Table 3 ). Spiny dogfish and red hake showed only gradual increases in gape size with increasing body size, whereas gape sizes of sea raven and goosefish increased nearly 4 times faster through ontogeny. For 5 of 8 predators examined, gape size appeared to be a good indicator of maximum prey size consumed, as gape size regressions had statistically similar slopes to upper-bound prey size regressions (Table 3) . Elevations (y-intercepts) of gape size regressions were higher than those of upper-bound prey size regressions; however, several large prey were located above the upper-bound prey size regression for each predator. For 3 predators (goosefish, winter skate, and bluefish), upper-bound prey size regressions were much lower than gape size regressions, and slopes were significantly different. Although gape height and width measurements generally scaled similarly with increasing body size, gape height more closely corre-sponded with maximum prey size eaten for 4 of 5 predators based on the slopes and significance levels of comparison tests presented in Table 3 .
Only 7 of the 18 predators examined demonstrated a significant change in ratio-based trophic-niche breadth with increasing body size ( Table 4 ). The general trend was for smaller average-sized predators to show no significant change, while the largest predators tended to show a decrease in ratio-based trophic-niche breadth with increasing body size (Fig. 6) . For example, 5 of the 7 largest average-sized predators had decreasing ratio-based trophic-niche breadths, whereas the 6 smallest average-sized predators demonstrated no ontogenetic change in ratio-based trophicniche breadth (Table 4) . Although variable, average ratio-based trophic-niche breadth demonstrated a declining trend with increasing average predator size across the range of predators examined (Fig. 7) . Slopes generated from regressions of the difference between upper and lower bounds of relative prey size data ver-sus predator size were positively related to the slopes of maximum prey size versus predator size regressions presented in Table 2 and were not significantly related to the slopes of minimum prey size versus predator size regressions (Fig. 8) .
DISCUSSION
Predator size -prey size distributions were asymmetric, with the range of prey sizes eaten expanding with increasing predator body size for each of the marine predators examined. Despite the consistency in the general shapes of the distributions, maximum prey size and the rate of change in maximum prey size with ontogeny varied widely among predator taxa. Differential size-based feeding strategies were evident, as predator diets were concentrated on varying ranges of relative prey sizes from prey that were 10 to 20% of predator size to prey > 50% of predator size. Similar to the variability present in prey sizes consumed, gape sizes and allometric relationships with body size were diverse among predators. Lastly, ratio-based trophicniche breadths generally did not expand with predator ontogeny and tended to narrow for the largest predators.
Existence of asymmetric predator size -prey size patterns
The general patterns of prey size use by predators in this study correspond well with previous studies of predation by fishes (Popova 1967 , 1978 , Shirota 1970 , Hunter 1981 , Persson 1990 , Juanes & Conover 1995 , Mittelbach & Persson 1998 . Collectively, these findings support the notion of a widespread existence of asymmetric predator size -prey size distributions in aquatic ecosystems. The continued inclusion of small prey in the diets of larger predators contrasts with predictions of optimal foraging models for particulate feeders, which indicate that the largest prey available should be consumed preferentially to maximize net energetic return (Ivlev 1961 , Werner & Hall 1974 , Gillen et al. 1981 , Harper & Blake 1988 . However, many previous foraging models have used only the time required to handle individual prey to represent foraging costs (Werner 1974 , Gillen et al. 1981 , Stein et al. 1984 , ignoring potential prey behavior that can affect encounter rates and capture efficiencies (Sih & Moore 1990 ). For planktivorous fishes, models that estimate foraging costs based only on prey handling time have proven successful in predicting patterns of prey selection (Werner & Hall 1974 , Kislalioglu & Gibson 1976 , Mittelbach 1981 , Wanzenböck 1995 . Piscivores, however, generally spend less time feeding compared to planktivores (Breck 1993) . Therefore, handling time may be of little importance relative to size-dependent capture success and differential encounter probabilities in determining patterns of prey selection by piscivorous fishes (Breck 1993 , Juanes & Conover 1994 .
Prey vulnerability is strongly affected by body size, and can be expressed as the product of encounter probability and susceptibility to capture (Greene 1983 , Juanes 1994 . Predator capture success is known to decrease monotonically with increasing prey size for 237 Fig. 3 . Regressions illustrating ontogenetic changes in maximum, mean, and minimum prey sizes consumed with increasing predator size for all marine fish predators examined in this study. Regression equations are presented in Table 2 . Each graph is intended to illustrate among-predator variation in prey sizes eaten. As reference points, positions of several, but not all, predators are indicated a wide variety of fish taxa (Folkvord & Hunter 1986 , Miller et al. 1988 , Rice et al. 1993 , Juanes & Conover 1994 , Ellis & Gibson 1997 , Scharf et al. 1998a ). Much less is known about the size-dependence of encounter rates. Based on increases in predator reactive distances and prey swimming speeds with increasing prey size, the probability of encounter is generally thought to increase with prey size, especially at smaller body sizes (Gerritsen & Strickler 1977) . The combination of increasing encounter probability and decreasing susceptibility to capture with individual body size produces a dome-shaped vulnerability curve for individual prey, with intermediate prey sizes being most vulnerable to predation. However, although the probability of an individual prey being encountered by a predator may increase with increasing body size, theory predicts that the total biomass of particles in marine ecosystems declines with increasing particle size (Sheldon et al. 1972 , Kerr 1974 , Platt & Denman 1978 . Therefore, the numbers of smaller prey available to predators may be substantially greater than the numbers of larger prey. High relative abundance of small prey may outweigh any size-based increases in individual encounter probabilities for larger prey, resulting in high predator encounter rates with small prey relative to large prey. The combination of high encounter rates, due to greater relative abundance, and high capture probability, means that small prey should always remain highly vulnerable to predation relative to larger prey. Considering that handling times increase rapidly with prey size, the retention of small prey in the diets of larger predators may reflect profitable foraging decisions by predators when search, capture, and handling costs are each considered. Although predator size -prey size distributions for each predator species maintained the same general shape, considerable variability existed among predators in the sizes of prey consumed and ontogenetic relationships. In our study, increases in mean prey size were strongly correlated with increases in maximum prey size and were not statistically related to changes in minimum prey size. This is likely to be a common theme in patterns of prey size use because ontogenetic changes in maximum prey size will determine the overall shape of the distribution while minimum prey size remains relatively constant.
Influence of predator morphology and behavior
Observed differences among predators in patterns of prey size use can be attributed to variability in several morphological and behavioral characteristics. Difference in mouth morphology alone has been implicated as a major determinant of variation in prey types and sizes consumed by predatory fishes (Keast & Webb 1966 , Shirota 1970 , Hunter 1981 , Persson et al. 1996 , Labropoulou & Eleftheriou 1997 , Piet et al. 1998 . Gape size varied nearly 4-fold among the predators examined in this study, with differences in gape size corresponding well with differences in the distribution of relative prey sizes eaten by each predator. For example, gape size to predator size ratios ranged from 0.04 to 0.24 and coincided directly with the percentages of large prey included in the diet (prey > 40% predator body size), which ranged from 1-2% for small-gaped predators to 40-50% for large-gaped predators. Extremely large gape sizes allow predators such as sea raven and goosefish to exploit prey up to 80-90% of their own body size -resources normally utilized by predators twice their size. Predators that increase gape size rapidly also tend to feed primarily on fish prey relative to invertebrates. For example, sea raven and goosefish each have diets concentrated on fishes, including several larger species of clupeids and gadids. In contrast, smaller-gaped predators such as Table 3 . Linear regression equations relating gape width, gape height, and maximum prey body depth consumed to total body length for 8 predator species. Only gape width was measured for bluefish. GW = gape width; GH = gape height; PYBD = prey body depth; PD = predator total length. All measurements and size range are in mm total length. r 2 values, size range, and n refer to gape equations only; regression p-values = < 0.05 for all gape equations. n for body-depth equations are indicated in Fig Table 4 . Change in ratio-based trophic-niche breadth with increasing predator size for marine fishes on the US northeast continental shelf. Upper-and lower-bound slopes are quantile regressions estimating 90th (upper) and 10th (lower) quantiles of prey/predator size ratio vs predator size plots. Decreases or increases in trophic-niche width are based on statistically significant differences between upper-and lower-bound slope spiny dogfish and Atlantic cod consume considerably more invertebrates, although larger prey eaten are mainly fishes (Fig. 2c) . For both marine and freshwater fishes, previous studies have concluded that large gape relative to body size leads to an earlier shift to a piscivorous diet and that the timing of ontogenetic diet shifts have important effects on growth during the first year of life (Buijse & Houthuijzen 1992 , Juanes & Conover 1995 , Buckel et al. 1998 , Mittelbach & Persson 1998 . Differences in gape allometries in later life stages, as observed for the predators in this study, can also impact diet composition and may have conse- Table 4 . Predators are shown in ascending order of mean size from upper left to lower right and from (a) to (c) quences for growth and survival when resources are limited. Gape size is not the only factor limiting maximum prey size consumed by fish predators. For example, Gaughan & Potter (1997) compared the diets and mouth sizes of 5 estuarine species of larval fishes and concluded that mouth width had only a small influence on prey sizes eaten and that disparate feeding patterns among larvae were likely to be due to behavioral differences. Other studies have also observed maximum prey sizes for fish predators well below morphological limits set by gape size, and have suggested that sizedependent prey-evasive behaviors and differences in prey availability may also limit the consumption of large prey (Hambright 1991 , Keeley & Grant 1997 , Brooking et al. 1998 ). In our study, maximum prey sizes for goosefish, winter skate, and bluefish were also below those predicted by gape size. Our findings for these 3 predators provide further evidence for the potential importance of factors other than predator gape size, such as behavior, prey availability, and predator capture efficiency, in limiting maximum prey size.
Size-based feeding strategies may also be related to predator foraging tactics, habitat overlap with prey, and morphological specializations that are particularly suited to specific habitats and/or prey types. Most predators utilize 1 of 2 basic encounter tactics, either lying in wait to ambush prey or cruising continually to locate prey (Greene 1986 ). Because of the dependence on prey movement to produce encounters, ambush predators are thought to encounter large, fast-moving prey more frequently than small, slow-moving prey (Greene 1983 (Greene , 1985 . The predators included in this study that exclusively employ ambush tactics, goosefish and sea raven, consumed the largest prey relative to their own size compared with other predators, which is consistent with theoretical predictions. dators in this study are bottom-oriented, and diets of these species may be biased towards the types and sizes of prey occupying benthic habitats. For example, the diets of several flatfishes, demersal groundfish, and elasmobranchs consist of an abundance of benthic prey including invertebrate crustaceans as well as fish species such as sand lance. Moreover, several elasmobranch predators included in this study have ventrally located mouths, with the feeding apparatus of skates being specialized to crush hard-bodied prey. Together with a benthic lifestyle, mouth morphology and location probably have significant effects on patterns of prey type and size use for these predators. In contrast, predators with a more pelagic lifestyle, such as bluefish, feed mainly on schooling fishes and squid that are located up in the water column. In addition to morphology, general feeding tactics, and habitat associations, seasonal movements of predators related to both latitude and depth result in varying patterns of spatial and temporal overlap with prey, which will ultimately contribute to patterns of prey size use.
Trophic-niche breadth variation as a function of relative prey size
Ontogenetic changes in ratio-based trophic-niche breadths were not evident for many of the predator taxa we examined, which is consistent with several previous studies (Pearre 1986 , Munk 1992 . For most of the smallest predators, we observed no significant change in trophic-niche breadths. For several of the largest predators, however, there was a general trend to indicate a decrease in the breadth of relative prey sizes eaten with ontogeny. Pearre (1986) conducted the most inclusive study of trophic-niche breadths in fishes, examining 45 data sets on 43 species. Although broad taxonomically, the species included were mainly larvae and small juveniles, with only 3 species larger than 200 mm average size and an additional 6 species larger than 100 mm average size (Pearre 1986 ). Other recent studies of trophic-niche breadth have similarly been focused on larval and juvenile fishes (Munk 1992 , Pepin & Penney 1997 .
The trend for decreasing trophic-niche breadths with ontogeny observed in our study was only present in large predators with average sizes > 500 mm. This finding is likely to be a common one when large predators are examined for ontogenetic changes in the relative sizes of prey consumed. The distribution of body sizes of potential prey probably remains fairly constant when examined collectively across a time period of 245 Fig. 8 . Trophic-niche slope (generated from ratio-based trophic-niche breadth vs predator size regressions) plotted against (a) maximum and (b) minimum prey size slopes (generated from prey size vs predator size regressions). Fitted regression equations and significance levels are indicated Fig. 7 . Average trophic-niche breadth plotted against average predator size for trophic niche breadths calculated using prey size/predator size ratios. Error bars = ±1 SE several years, such as the lifespan of a large predator. If this assumption is generally true, then the range of relative prey sizes available to a growing predator will necessarily decrease with time. That is, the frequency distribution of relative prey sizes will become skewed to the right as the frequency of larger prey size/predator size ratios declines with increasing predator body size. In contrast to the results of previous research, Pepin & Penney (1997) observed increases in trophicniche breadth for 6 of 11 species of larval fishes, which led them to conclude that general size-based trends may not exist across taxa, but rather that patterns of prey size use are species-specific. Our results highlight the need for future research to examine ratio-based trophic-niche breadth across large size ranges and ontogenetic stages to determine if generalizations can be made across taxa. The conclusions of previous ratio-based analyses that prey size is a constant proportion of predator size through ontogeny has recently been questioned (Houde 1997) . For fishes, the range of absolute prey sizes clearly increases as predators grow, regardless of life stage. However, changes in relative prey sizes consumed are difficult to detect. When comparing patterns based on absolute prey sizes versus relative prey sizes, the apparent differences in trophic-niche breadths are not contradictory, but rather represent different perspectives of the predator-prey interaction. The expansion of absolute prey size range by most predators is probably representative of increases in behavioral and morphological capability to capture and swallow large prey combined with high encounter rates and susceptiblity to capture of small prey. Moreover, knowledge of the range of absolute prey sizes vulnerable to specific predators is critical in order to quantify the impact of predators on prey populations and community structure. On the other hand, subtle changes in the range of relative prey sizes eaten may represent slight ontogenetic changes in predator foraging abilities and/or ontogenetic shifts to prey types with different escape proficiencies. Further, modest changes in ratio-based trophic-niche breadths may be specific to particular life stages and may only be detectable when analyzed on an appropriate scale. For example, Houde (1997) suggested that the foraging strategy of growing larvae is one that ensures expansion of prey sizes in the diet in order to increase encounter rates between larval fish and potential prey.
CONCLUSIONS
Asymmetric predator size -prey size distributions are frequently observed across several animal taxa. The consistent inclusion of small-bodied prey in the diets of large predators probably represents profitable foraging behaviors when size-dependent probabilities of encounter and capture are combined with handling costs of prey. The prominent role of size-based rates of encounter and capture in determining the types and sizes of prey consumed demonstrates the importance of species specific morphological and behavioral characteristics of both predator and prey. Variation among predators in size-based feeding strategies can be related to differences in predator gape allometry, foraging tactics, morphological specializations, and migratory behavior as well as individual prey behavior and morphology. How these species specific traits scale ontogenetically between predator and prey will be a major determinant of changes in resource use (prey size and type) by growing predators. Although the range of absolute prey sizes eaten typically increases with predator size, ontogenetic changes in relative prey sizes eaten are often statistically undetectable, suggesting that changes in predator foraging abilities with size may be subtle and that their detection requires analysis on an appropriate scale.
